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Design A High-Resolution 
A-ZADC Using An 8-Bit 
Microcontroller 



is combined 
with an MCU's 
analog peripherals 
to realize a 10-bit 
analog-to-digital 
converter. 



There are numerous methods of 
implementing delta-sigma (A-Z) 
analog-to-digital converters 
(ADCs), and each has its own set of 
advantages and disadvantages. Some 
_ _ engineers employ complex systems to 

A Simple solve simple conversion problems, 
while others exploit simple circuits to 
handle difficult tasks. A deeper analysis 
of the basic circuit however, can lead to 
some interesting low-cost alternatives. 
The fundamental A-X ADC model, 
described in this article, is an inexpen- 
sive design strategy. It requires a simple 
integrating amplifier and a microcon- 
troller's analog peripherals to create a 
high-resolution converter. 

In this scheme, the conversion from 
analog to digital is performed with the 
internal-voltage reference, comparator, 
and two counters in the 8-bit microcon- 
troller. These internal-microcontroller 
analog peripherals, along with the exter- 
nal integrator, are used to complete the 
implementation of a first-order modu- 
lator. This modulator is then combined 
with an output-digital filter, which 
also is implemented in the microcon- 
troller unit, to complete the design. 
Consequently, the only components 
external to the microcontroller are an 
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1 . The first order A-Z ADC can be represented by a modulator and a 
digital filter. Using this topology, a variety of high-resolution ADCs 
can be built for small signals from sources like bridge sensors. 



op amp, two resistors, and a capacitor. 

Until now, the microcontroller alone 
wasn't able to handle the A-Z function, 
except for the digital-filter block. But, 
the recent addition of analog cells to 
the controller's silicon makes such an 
integrated solution possible. 

Basically, the A-Z ADC can be simply 
modeled with a modulator and a digi- 
tal filter (Fig. 1 ). The modulator part of 
this ADC integrates an input signal, so 
its output passes a threshold voltage 
established with a comparator and a 
voltage reference. Within the modula- 
tor, the analog-input signal is subtract- 
ed from the output of a 1-bit digital-to- 
analog converter (DAC). The DAC 
converter is part of the negative feed- 
back loop. This differenced signal is 
converted by the integrator to a voltage 
that ramps from negative to positive or 
positive to negative, depending on the 
output of the difference amplifier. 

This ramp is presented to one of the 
two inputs of a comparator. When the 
output of the integrator passes the refer- 
ence voltage of the comparator, the out- 
put of the comparator toggles between 
high and low. On a regular time sched- 
ule, that output is fed back to the differ- 
ence amplifier via the 1-bit DAC. Addi- 
tionally, the output 
of the comparator is 
fed forward to a digi- 
tal filter. With time, 
the output of the dig- 
ital filter provides a 
multibit conversion 
result. This basic 
design topology has 
been used to create 
myriad A-Z-based 
converters that pro- 
vide high resolution 
for very small sig- 
nals, such as those 
from a bridge sensor. 
Still, the challenge is 
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implementing the modulator 
in a microcontroller. 

The circuit in Figure 2 imple- 
ments such a classical first-order 
A-Z ADC using a single-supply 
CMOS operational amplifier, 
RC network, and an 8-bit 
PIC16C622 MCU. In this 
design, the integrator is imple- 
mented with the capacitor 
CINT. The current through R x is 
generated by VIN and the cur- 
rent through R 2 is generated by 
Vra3. These provide the currents 
that charge the C INrr . Their com- 
bination charge or discharge 
Ci NT to the point where the 
comparator output is toggled. 
By driving RA3 in accordance 
with the output of the compara- 
tor, CI our- the 1-bit DAC can be imple- 
mented in firmware. At the same time, 
the digital filter can be realized with two 
counters, along with a simple averaging 
algorithm in firmware 

The absolute accuracy of this inte- 
grating capacitor isn't critical, but its 
stability from integration to integration 
is important. Because the capacitor 
voltage is held at a constant level in this 
circuit, the dielectric absorption of the 
capacitor isn't an issue. In this example, 
the maximum-voltage deviation due to 
the nonlinearity of the RC network is 
about 8 mV. If the RC time constant of 
the circuit is greater than the sample fre- 
quency, then the logarithmic nature of 
the time response will cause linearity 
errors in the system. The RC time-con- 
stant linearity error is minimized with: 

tac-Rl ||R2xC 1OT 



tRc S tsAMPLE / 10 (for good lin- 
earity) 




R1 = 47kn 
R2 = 47kfl 
C||(T=0.1tiF 
V| 



2. The microcontroller's analog peripherals are combined with an 
external integrator to implement a first-order A-Z modulator. The 
modulator is followed by a digital filter, also implemented by the 8- 
bit microcontroller, to realize a 10-bit A-Z ADC. 



tor output the driver to the RA3 output 
is switched from high to low. With the 
potential at RA3 low, the capacitor starts 
to discharge, thereby causing the voltage 
at the input to the comparator (RAO) to 
decrease The status of the output of RA3 
remains low until the comparator is 
tripped high. Change in comparator 
output is docked to the output of RA3 by 
the microcontroller. 

The ratio of Rl and R2, with respect 
to the input-voltage range are selected 
using the following formulas: 

VlN(CM) = V REF 

Vin(p-p) = V^p.p) x (R1/R2) 
where: V IN(CM) = [(V in(M ax) - 

V IN(M1N))/ 2 + Vi N (MIN)] 

V REF is the voltage applied at the 



Capacitor leakage errors also 
will contribute to the system's 
overall error. The capacitor types 
that have appreciable leakage 
are the electrolytic ones. These 
include aluminum and tanta- 
lum, which shouldn't be used in 
this circuit A capacitor type that 
fits well is the NPO ceramic 
type due to its lower cost, small- 
er size better stability, and wider 
range of values. 

When of the microcon- 
troller is set high, the voltage at 
RAO ramps up until the output of 
the comparator is triggered low. 
With the change in the compara- 
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TABLE 1: SPECIFICATIONS FOR 
THE BRIDGE SENSOR 


Rated capacity 


32oz(896g) 


Excitation 


5to12Vdc 


Rated output 


2mV/V ±20% 


Zero balance 


±0.3 mV/V 


Operating temperature 


-wctoos-c 


Compensated temperature 


-5°Cto50 c C .r 


Zero balance over temperature 


. 0.036% FS/°C 


Output over temperature 


; 0:036% FS/°C 


Resistance 


i2oon±30on 




; ; 

■ pi 


Full-scale deflection 


0.01 to 0.05 in. 



comparator's noninverting 
input. This voltage can be sup- 
plied internally by the micro- 
controller, or externally through 
the reference pin RAO. 

V IN(P-P) = (VlN(MAX) - 
V 1N(MIN)) 

V RA3(P-P) = ( V RA3(MAX) ~ 
V RA3(M1N)) 

The low-offset, 25-u.A 
MCP606 CMOS op amp driving 
Rl is used to isolate errors that 
would be caused by the source 
impedance of the input signal. 
The op amp's offset voltage is 
250 uV at room temperature 
During the time that the 
modulator section of the circuit is 
cycling, two counters are used to keep 
track of the time, "Counter," and the 
total number of times that the com- 
parator is high, "Result" (Fig. 2 again). 
The flow chart labeled DelSigA2D 
shows the algorithm employed to 
implement such a concept (Fig. 3). 

When a conversion isn't in process, 
the output of the comparator is directly 
connected to RA3. This keeps the volt- 
age at RAO equal to the reference volt- 
age of the comparator. When function 
DeltaSigA2D is called to perform a con- 
version, the result and counter variables 
are cleared (see the Code Listing, p. 
118). Then, the comparator output is 
put under active program control. 

The microcontroller program checks 
the output of the comparator at the 
beginning of each loop. If the voltage 
on the capacitor is less than the 
reference voltage (Vr^), then 
the voltage at RA3 is set high. 
This injects charge onto the 
capacitor, C iNT , which increases 
the voltage at V^q. If the volt- 
age on the capacitor is greater 
than the comparator's reference 
voltage, RA3 is set low, which 
removes the charge from the 
top of the capacitor. When the 
voltage at RAO is greater than 
the voltage at RA2, the result 
register is incremented. 

After this firmware decision, 
the counter register is 
incremented. This continues 
for as long as it's necessary to 
achieve the required resolution. 
For instance, ten bits of 
resolution requires 2 10 (1024) 
times through the loop. Each 



lap through the loop takes 17 
instruction cycles. Additional no- 
operation (NOP) instructions are 
used to keep all paths through the 
code equal. Upon completion, the 
comparator output is fed direcdy to 
RA3, and the conversion is sent to 
output registers. If a PIC16C622 is 
used in this circuit with a 4-MHz 
clock, then the integration cycle will 
be 20 (is. At this rate, the 10-bit 
conversion will take 20.48 ms. 

Test data for this circuit shows that 
the maximum-code error was ±2 
counts, or 2 bits of uncertainty. Con- 
sequently, the effective number of 
bits in this ADC is 8 bits p-p (Fig. 4). 
This resolution can be improved by 
increasing the number of conver- 
sions and using digital filtering fol- 
lowing these conversions. 

Typically, a sensor that's configured 
as a Wheatstone bridge outputs a 
low-level differential signal. The 
design challenge for this type of a sen- 
sor is to capture these small signals and 
convert them into a digital format that 
provides an 8- to 12-bit representation. 
A circuit designed to capture these low- 
level voltages is depicted in Figure 5. 

The analog portion of this circuit 
consists of the bridge sensor, an analog 




3. This flow chart explains the algorithm employed to 
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design a lu-Dit auo using a microcontroller mtegrateo 
with analog functions like a comparator, voltage- 
reference, buffer, and output FETs. To achieve high 
performance, the designer must ensure that every 
conversion cycle through the flow chart is a constant 

multiplexer, an amplifier, and an RC 
network. The sensor that's selected for 
this example is a load cell. The rated 
output of the load cell is equal to 2 
mV/V. When the bridge is excited with 
5 V, the maximum-nominal output 
swing is equal to ±10 mV. A complete 



list of the load cell's specifications is 
provided by Table 1. The analog 
multiplexer is used to switch the two 
outputs of the sensor into the single- 
ended modulator. An amplifier con- 
figured as a buffer is used to isolate 
the sensor load from the modula- 
tor's RC network. This network 
implements the integrator function 
of a first order modulator. 

The basic operation of this circuit 
is the same as the previous circuit 
with the exception of the multiplex- 
er at the input. With this added fea- 
ture, the two outputs of the Wheat- 
stone bridge are alternately switched 
into the signal path after the counter 
register reaches 1024. The two 
results from these cycles are sub- 
tracted to give the conversion 
results. This technique provides 10 
bits of resolution with 9.9 bits of 
accuracy (rms). Again, the design 
equations for this circuit are: 



VlN (CM) = Vref 

V IN (P-P) = V RA3 (P-P) x (R1/R2) 

with: 

V, N (CM) - V DD /2, or (V^ + VlcJ/2 
where V REF is the voltage reference 



r r — 




l* Filename: DeltaSig.asm 

;* Authors Dan Butier 
• Company: Microchip Technology Inc. 
Revision: 1.00 
Date: 02 December 1998 
1* Assembled using HP ASH V2.20 

;• Include Files: 

I* pl6C622.inc VI. 01 

.**********»***•*•**«****••**#***•********##***»******##*#»**** 
I* Provides two functions implementing the Delta Sigma A2D. 
i* InitDeltaSigASD seta up the voltage reference and comparator 



arc necessary to ensure t 

Do matter the path 




each pass through the loop 
ugh the code . 





Results provided in. 

required . 



in the ■idle- aeate. 
fl* DeltaSigA2D runs the acti 
<* result_l and reault_h. 
:« See An?00 figure 2 for 
(********#**»***•**•*»*•*«#***#••*** 

i* What's changed 

!* ' V' 

;* Date Description of change 

'■ :.• v.. : -f:.:?£f4v,v-'-UV 

; *****•********•****«*#*»•**»****»«#****•**•«*#*****#«*•',(* 

♦include <pl6C622.inc> 
eblock 
result_l a 
reault_h 
counter: 2 
endc 



y la comparator hi 
the low route 



InitDeltaSlgA2D 

baf STATUS, RP0 

movlw Oxec 
movwf VRCOtJ 

bcf PORTA, 3 j aet comparator p: 
bcf STATUS, RP0 

movlw 0x06 ; set up tor 2 analog 
movwf CMCON 
return 




same 

1 anoGB$c o1f*tlfja 



DeltaSigA2D 
clrf counter 
clrf counter-t-1 
clrf result_l 
clrf reault_h 

movlw 0x03 / set up for 2 analog comp< 
movwf CMCON 

loop jStKUaSaoBSfSB 
btfao CMCON, C 
goto complow 
comphigh 
nop ; neceaa 
bcf PORTA, 3 
incfax reault_l 
goto eax2cyclae 
incf reault_h,f 
goto endloop , 
complow 
bef PORTA, 3 
nop i necessary 
goto eet2cycles 
eat2cyclea 
goto endloop t t 
endloop 

incf si counter,! ; Count this lap through the loop, 
goto eatScyclae i 
incf countertl, f j 
movf counter*l,w | 

andlw 0x04 i Are we done? (We're done whan bit 2 of " 
btfsc STATUS, Z t the high order byte overflows to 11 
goto loop i /^sasilastBBsaHGSS 





3 keep timing even 
same here 



more cycles 



reference 



I Delta Sigma A2D 

." The code below contains a lot of nops and goto next instruction. 



• goto exit-' 
aTgejl ~\ i 1 ss \. 
■ goto $*■! i m 
lij ' nop ; 

goto loop 
- exit - 

movlw 0x06 i; 

movwf CMCON 
' return 



keep 



loops even 



Warn 



■mm 

sat up for 2 analog comparators: with coaaaon ref 
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applied to the comparator's nonin- 
verting input and is approximately 
Vsensor/ 2 - If it's made external, 
this reference voltage can be used 
to adjust offset errors. Again: 



V IN (P-P) = ( V LC+(MAX) - Vlc(MIN))' J 



Qr (V lc+ (min) - V L c-(max))' which 
equals the sensor's full scale range, 
and: 

V RA3 (PK- PK) = ( V RA3 (MAX) ~ V RA3 



(M1N)) 




The offset and gain are the dom- 
inant types of errors that the bridge 
and signal-conditioning path pro- 
duces. Bridge sensor circuits also 
produce other errors, such as lin- 
earity, noise, hysteresis, repeatability, 
stability, and aging. But, these topics are 
beyond the scope of this article. 

Mathematically, the offset error of a 
system can be described using the 
generic formula out = a + bx, where a is 
the offset error, b is the span or gain of 
the system, and x is the input to the sys- 
tem. In this equation, the offset error is 
described with a constant additive to 
the entire transfer function. The offset 
error is typically measured when the 
input signal is zero. This technique pro- 
vides an output signal that's equal to 
the offset. The offset error can originate 
at the sensor or within the various com- 
ponents in the analog-signal path. This 
error is repeatable and stable unless the 
operating conditions — such as temper- 
ature, voltage excitation, or current exci- 
tation—change. 

The offset errors in the circuit shown 
in Figure 5 come from the load cell, the 
operational amplifier (Al), the port 
leakage current at RAO, the compara- 
tor' s voltage reference (Vref), the com- 
parator offset, and the nonsymmetrical 
output port of RA3. Half of the 
bridge-offset error is seen on the 
two output terminals of the 
bridge. Because the signal path 
for the two outputs of the sen- 
sor to the microcontroller are 
the same, the conversion data 
taken from the positive leg of 
the load-cell sensor (LC+) has 
the same signal-path offset and 
gain errors as the conversion 
data taken from the negative 
output of the load-cell sensor 
(LC-). 

To accommodate these 
errors, the design equations for 
the circuit remain: 
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4. Test results indicate that the maximum-code error or 
uncertainty for the circuit in Figure 2 was 2 bits. 
Consequently, the effective number of bits for this ADC is 8 
bits (p-p), or 9.9 bits (mis). 



the inability of RA3 to go complete- 
ly to the rails. It can be quantified 
by RA3offsbt = [(Vdd ~ ^high) - 
RA3 LO w] /2. This formula assumes 
v ref = v dd / 2 - The maximum mag- 
nitudes of these errors are summa- 
rized in Table 2. 

The resulting offset errors are 
added to the differential-output 
voltage of the load cell. As a result, 
the output voltage for this system 
can be written as: 

VoUT = V LC+ + LCoFFSCT + A 1 OFF- 
SET + RA°OFFSET + Vref(OFFSET) + 
CI OFFSET + RA3 FFSET _ V\JC- ~ 
AloFFSET ~ RAOoFFSET ~ VrEF(OFFSET) 
_ CI OFFSET ~ RA3oFFSET. 



V IN(CM) = V REF 

V IN(P-P) = Vra3 (P-P) x (Rl / R2) 

But, now the worst case variation is: 

V IN(P-P) = (Vlc+(MAX) ~ V LC+(MIN) + 
LCoFFSET + A 1 OFFSET + RAOoFFSET + 

Vref(offset) + CloFFSET + RA3offset) 

where LCqffset ' s the maximum-offset 
voltage that can be generated by the 
load-cell bridge, AIqffset ls the offset 
voltage of the op amp, and RAOoffset I s 
the offset error caused by the leakage 
current of port RAO. This leakage current 
is specified at 1 nA at room temperature 
and 0.5 U.A (max) over temperature. 
Plus, it causes a voltage drop across the 
parallel combination of Rl and R2. 
v ref(offset) is the offset error of the 
internal voltage reference of the micro- 
controller. This error can be reduced sig- 
nificandy with an external voltage refer- 
ence. Likewise, CI offset is the offset of 
the internal comparator of the micro- 
controller and RA3 ffset is caused by 



TABLE 2: SOURCES CONTRIBUTING 
OFFSET ERRORS IN FIG. 5 


Error source 


- 


Offset voltage over 
temperature 


Load cell bridge 


±1,5 mV in a 5-V system 


Op' amp 




Port leakage, RAO 


±1.3 mV 


Internal V REF 




±49 mV 


Comparator 


±10mV 


Output port, RA3 
(asymmetrical output swing) 


5.5 mV 



which simplifies to: 

v out = Vlc+ - v lc- + LCoffset 

Given the design equations for this 
circuit and the errors in Table 2, the 
total expected offset error over tempera- 
ture for the electronics is 67.8 mV. With 
a sensor full-scale range of ±10 mV, the 
dynamic range of the system would be 
approximately 7.8 times larger than the 
nominal, error-free peak-to-peak range 
at the input of the comparator. 

The l-k£2 potentiometer with its wiper 
connected to RAO is placed in series 
between the power supply (5 V) with 
two 10-k£2, 1% resistors (Fig. 5 again). 
This configuration provides a voltage- 
reference range to the comparator of 
±119 mV centered around midsupply. If 
an external reference is used with a ±0.5- 
mV error range, the electronics will 
contribute ±19.3-mV offset error over 
temperature This changes the worst-case 
full-scale peak-to-peak range of the 
system to ±29.3 mV. This is only 
approximately three times larger than 
the nominal full-scale output 
(±10 mV) of the sensor. 

Offset errors of the circuit can 
be calibrated in firmware This is 
performed by subtracting the 
conversion code results of LC+ 
from the results LC-. Firmware 
calibration is an efficient way to 
eliminate most of the offset 
errors. The tradeoff, however, for 
having offset adjustments per- 
formed by the microcontroller 
is dynamic range. In anticipa- 
tion of these offset errors, the 
designer should increase the 
peak-to-peak analog-input 
range of the conversion system. 



II'" 



"SENSOR =VDD 

Q 




R1=2.15kfl(2, 
R2 = 165kn 
C|NT s 1f^F (60-HzLPF) 
A1 = Single-supply CMOS op amp 
A2 = Single-supply analog multiplexer 
V D D = 5V 



5. Using the basic concept, a practical circuit is realized to measure voltage across a bridge 
sensor. Because the Wheatstone bridge provides two outputs, a multiplexer is used in front of 
the buffer to alternately switch the two outputs into the signal path of the ADC. The resitors 
have been selected to provide a ±40.5-mV full-scale input range to the comparator. Given 9.9- 
bit (rms) accuracy, the LSB for this system is 84.7 
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There's nothing small-minded about ValpeyFisher's 5mm x 7mm LCC products. 
Just think. The broadest range of product, including Crystals, Oscillators, 
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While this will result in a conversio 
that has a wider dynamic range, the 
accuracy of the system will be lower. 

The span or gain of a system can be 
mathematically described as a constant, 
which is multiplied against the input 
signal. A system with a gain error devi- 
ates from the ideal, as described in the 
formula below: 

- Actual output = 
Input x Ideal gain (1 + Gain error) 

For this circuit, the span errors are 
less influential than the offset errors. 
Additionally in Figure 5, the system 
span errors of the circuit originate in the 
load cell (±20%), the resistors (±1%), 
capacitor (±10%), and the on-resis- 
tance of the RA3 port (0.2%). 

Span errors can be effectively 
removed in the analog domain. For 
instance, the span error of the sensor can 
be adjusted with the sensor's excitation 
voltage As a tradeoff for this adjustment 
strategy, the common mode voltage of 
the sensor is changed, which creates off- 
set errors with respect to the reference 
voltage (Vref) of the comparator. This 
problem can be alleviated by making 
the voltage reference ratiometric to the 
sensor excitation source. Span errors 
also can be adjusted with either Rl or 
R2. A potentiometer is used to perform 
this function. This type of adjustment 
doesn't change the offset error of the sys- 
tem. The circuit is able to rely on 
firmware calibration with a reduction in 
the dynamic range of the system. 

In reality, an alternative circuit has 
been proposed to perform the analog- 
to-digital conversion for slow-moving 
signals from sensors. This alternative is a 
low-cost and low-part-count solution 
that gives a high degree of resolution 
when the power of the microcontroller is 
used to implement digital filtering HJ 
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